Amantadine and rimantadine are active against only influenza A virus, produce rapid drug resistant variants and have central nervous system side effects. [8] [9] [10] Zanamivir is not indicated for use in children in Japan. 11) Clarithromycin (CAM) is a macrolide antibiotic developed by modification of a side chain of 14-atom ring erythromycin via alkylation. 12) In addition to being an antibiotic able to prevent complications and aggravation of symptoms, 13, 14) CAM has been reported to alleviate pneumonia with influenza virus infection in mice. 13) Furthermore, CAM has recently been shown to suppress the inflammatory cytokines such as tumor necrosis factor-a 15) but augment interleukin (IL)-12 production, resulting in alleviation of influenza infection in infected mice. 15, 16) These studies indicated that CAM may play a role in vivo as an immunomodulator for influenza virus infection.
We here show the ability of CAM in inhibition of human influenza A virus production in vitro at a middle to late stage of viral replication cycle.
MATERIALS AND METHODS

Compounds Clarithromycin (CAM) ((Ϫ)-(3R,4S,5S,-6R,7R,9R,11R,12R,13S,14R)-4-[2,6-dodeoxy-3-C-methyl-3-
O-methyl-a -L-ribo-hexopyranosyl]oxy-14-ethyl-12,13-dihydroxy-7-methoxy-3,5,7,9,11,13-hexamethyl-6-[[3,4,6-trideoxy-3-(dimethylamino)-b -D-xylo-hexopyranosyl]oxy]-oxacyclotetradecane-2,10-dione) was obtained from Taisho Toyama Pharmacuetical Co., Ltd. Zanamivir (Relenza; 5-acetylamino-2,6-anhydro-4-guanidino-3,4,5-trideoxy-D-glycerol-D-galactonon-2-enoic acid) was obtained from Glaxo Co., Ltd. All compounds were of the highest purity available. CAM was dissolved in methanol and diluted with culture medium for viral infection experiments or with PBS for viral biological experiments to make its various final concentrations. The final concentration of methanol in each culture medium was not more than 0.63%. CAM showed no cytotoxic effect to host MDCK cells up to 50 mg/ml of culture medium, and also no hemolytic activity to the guinea pig erythrocytes up to 100 mg/ml of test medium.
Cells Mardin-Darby canine kidney (MDCK) cells and human lung epithelial A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (SIGMA) supplemented with 10% (v/v) fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin). Human lung epithelial A549 cells were purchased from ATCC.
Viruses The human influenza A viruses used in this study were A/PR/8/34 (H1N1), A/Aichi/2/68 (H3N2), A/Memphis/1/71 (H3N2), and A/WSN/33 (H1N1). Virus strains were propagated in the allantoic cavities of 11-d-old chicken eggs for 48 h at 35°C and purified as described previously. 17, 18) Viral hemagglutinin (HA) units were determined in microtiter plates using 0.5% guinea pig erythrocytes.
Plaque Reduction Assay To determine anti-influenza virus activity of agents, plaque reduction assay was per-formed using MDCK or A549 cells as described previously. 19) Triplicate cultures of cells in 6-well plastic culture dishes were infected with about 30-100 PFU/0.8 ml of each virus strains for 1 h at 34.5°C. Cells were overlaid with 3 ml of nutrient agarose (0.8%) medium containing 1X ITS solution (GIBCO), 1 mg/ml acetylated trypsin (SIGMA) and various concentrations of CAM and then cultured at 34.5°C for 2 or 3 d. The infected cells were fixed with methanol : CH 3 COOH (v/vϭ5 : 1) and stained with 0.1% Amide Black 10B. The number of plaques was counted under a dissecting microscope. Analysis of significance in difference between plaque numbers in the control and treatment groups was performed by the t-test.
Hemagglutinin Inhibition (HAI) Assay Hemagglutinin inhibition (HAI) assay was carried out as described previously. 20) Briefly, a virus suspension (2 2 of HA units) was incubated for 1 h at 4°C with agents serially diluted two-fold with 0.01% gelatin-containing phosphate-buffered saline (PBS) in 96-well microtiter plates. After adding 0.5% (v/v) of guinea pig erythrocytes to each well, the plates were kept for 1 h at 4°C. The maximum dilution of the agents showing complete inhibition of hemagglutination was defined as the titer of hemagglutinin inhibition.
Sialidase Inhibition Assay Fetuin was used as a substrate of influenza virus sialidases. A virus suspension (2 8 of HA units) was preincubated for 1 h at 4°C with various dilutions of each agent. The treated virus mixture was added to 0.5 mM substrate and then incubated for 30 min at 37°C. After the incubation, the reaction was terminated by the addition of 500 mM carbonate buffer (pH 10.7). The amount of sialic acid released was determined by the thiobarbituric acid method according to Aminoff method. 21, 22) The inhibitory effect of each agent was analyzed by plotting the amount of sialic acid released per minute versus concentration of the agent.
Hemolysis Inhibition Assay The hemolysis inhibition assay was carried out as described previously. 20, 23) Briefly, influenza viruses (2 8 HAU) were preincubated for 1 h at 4°C with various concentration of each agent in 50 ml of PBS. The mixtures were then reacted for 30 min at 4°C with 0.5 ml of PBS containing 2.5% (v/v) of guinea pig erythrocytes. Erythrocytes were sedimented and resuspended in 0.5 ml of 20 mM acetate-buffered saline (pH 5.0) for hemolysis mediated by each virus. The hemolysis was carried out for 30 min at 37°C and terminated by addition of an equal volume of PBS. The mixtures were centrifuged, and the concentrations of hemoglobin in the supernatants were determined by measuring the absorbance at 540 nm. To achieve complete hemolysis, Triton X-100 solution was added to the erythrocyte suspension instead of the virus-reagent mixture with a final concentration of 0.1% (v/v). The percent hemolysis of each agent was calculated by comparing its absorbance with the absorbance of 0.1% Triton X-100, taken as 100% hemolysis.
Viral Production Assay Viral production assay was performed as previously described by Hidari K.I.P.J. et al. 23) with minor modification. MDCK cells (0.8ϫ10 5 cells/well) or A549 cells (2.0ϫ10 5 cells/well) were seeded in 12-well plates and cultured in DMEM supplemented with 10% (v/v) FBS at 37°C for 24 h. After three washes in serum-free (SF)-DMEM, the cells were inoculated for 1 h at 34.5°C with multiple infection or single hit infection. For multiple infection, the cells were infected at a low multiplicity of infection (MOI) of 0.00025, and the infected cells were incubated with the agent for 25 or 45 h in SF-DMEM containing 1X ITS solution and 1 mg/ml acetylated trypsin. For single hit infection, the cells were infected at a high MOI of 0.5-1, and the infected cells were incubated with the agent for 12 or 18 h in SF-DMEM containing 1X ITS solution without acetylated trypsin. After incubation, the culture medium was collected and the amount of progeny virus produced in the medium was estimated by the plaque assay. For investigation when the agent has an inhibitory effect on progeny virus production, the assay was performed as shown in Fig. 3 .
RESULTS
In Vitro Anti-influenza Virus Activity We examined anti-influenza virus activity of CAM against A/PR/8/34 (H1N1) and A/Aichi/2/68 (H3N2) strains by plaque reduction assay. When CAM was added to the nutrient agarose medium after virus adsorption to host MDCK cells, the numbers of virus plaques were significantly reduced at 12.5 mg/ml CAM and were obviously reduced at 25 mg/ml CAM, indicating that CAM inhibits virus production in a dose-dependent manner (Figs. 1a, b) . The size of plaques under this condition appeared to be slightly affected by the treatment with CAM. On the other hand, when we examined the effect of CAM on the attachment of virus to cells after pretreatment of the viruses with CAM, there was no or little significant difference between the effects with and without pretreatment. These results suggest that CAM exerts an anti-influenza effect on progeny virus production after viral adsorption to host cells.
Effects of CAM on the Biological Activities of Influenza A Viruses To investigate whether the effects of CAM on plaque reduction are due directly to biological activities of influenza A viruses, we carried out hemagglutination inhibition, viral sialidase activity inhibition and hemolysis inhibition assays. First, we examined the effect of CAM on virusmediated hemagglutination. Erythrocyte hemagglutination is mediated by the interaction of viral hemagglutinin and sialic acid containing glycoconjugates on the surfaces of erythrocytes. 17, 18, [24] [25] [26] Following incubation of erythrocytes with influenza A viruses, A/PR/8/34 (H1N1) and A/Aichi/2/68 (H3N2), pretreated with 5-100 mg/ml of CAM, no inhibition of virus-mediated hemagglutination was observed (Fig.  2a) . As a control, fetuin-treated viruses, however, demonstrated a significant reduction in erythrocyte hemagglutination. These results suggest that CAM does not interfere with the viral attachment to host cell surfaces. Next, we determined the inhibitory effect of CAM on virus-mediated membrane fusion by hemolysis inhibition assay: the viruses tested in this study were A/PR/8/34 (H1N1), A/Aichi/2/68 (H3N2), A/Memphis/1/71 (H3N2) and A/WSN/33 (H1N1). Viral HA is proteolytically cleaved into HA1 and HA2 subunits; under acidic conditions, the cleaved HA2 subunit mediates membrane fusion between host cells and viruses. 26, 27) Figure 2b shows that 1 to 100 mg/ml CAM inhibited influenza-mediated hemolysis at most by 2-3% of control levels, indicating that the virus-mediated hemolysis was not affected by CAM. These results suggest that anti-influenza activity of CAM does not seem to occur at a membrane fusion stage in infection. Further, to clarify the mechanism by which CAM inhibits viral infection, we investigated its effect on viral sialidase activity. Viral silidase activity is necessary for proper budding of virus particles. [28] [29] [30] As shown in Fig. 2c , CAM had little inhibitory effect on the sialidase activity of A/PR/8/34 (H1N1), A/Aichi/2/68 (H3N2) and A/Memphis/1/71 (H3N2) at concentrations of more than 50 mg/ml when compared to the methanol solvent control. Zanamivir, as a positive control, showed a strong inhibitory effect on viral sialidase activity as previously reported. 30) Fifty percent inhibitory concentrations (IC 50 ) of zanamivir against A/PR/ 8/34 (H1N1), A/Aichi/2/68 (H3N2) and A/Memphis/1/71 (H3N2), were 2.5, 5 and 10 nM, respectively. Overall, these results indicate that CAM does not affect biological activities of influenza A viruses including hemagglutination, membrane fusion and viral sialidase activities.
Effects of CAM on the Production of Progeny Viruses from Influenza A Virus-infected Host Cells The results described above suggest that reduction of virus plaque numbers is not due to prevention of viral biological activities. To clarify the inhibition of virus production from host cells, we examined the amounts of viruses produced from infected host cells in the presence of CAM compared to that in the absence of CAM. Under a multiple infection assay condition, the amounts of viruses produced from MDCK cells infected at low MOI was decreased about 20-80% depending on virus strain after 25 or 45 h post infection with 25 mg/ml CAM (Table 1) . Under the single hit infection assay condition, the amounts of viruses produced from MDCK cells infected at high MOI was decreased almost 100% after 12 h post infection with 25 mg/ml CAM (Table 2a ). In addition to determination of virus production, under the single hit infection assay condition, apoptotic cell numbers of virus-infected cells after 24 h post infection with 25 mg/ml CAM was determined by flow cytometric analysis as described previously. 31) Apoptotic cell numbers of virus-infected cells, which were calculated as the percentage of apoptotic to total cells, were decreased to 2-4% from 40-50%, indicating that CAM inhibits virus-induced apoptosis (data not shown). The same results were obtained by the viral production assay using A549 cells instead of MDCK cells (Table 2b ). These data suggest that CAM might exert an anti-influenza effect via inhibition of viral replication in infected host cells, resulting in reduction of progeny virus production and delay of virusinduced apoptosis. Therefore, we determined the incubation times of CAM needed to reduce virus production from infected A549 cells. As shown in Fig. 3 , under the single hit infection condition, an inhibitory effect of CAM on virus production was observed when the agent was excluded from the medium at 7, not 1 or 4 h post infection. This result was similar to when CAM was not excluded from the medium after addition. Produced viruses in the excluded medium were not detected at least under our assay conditions (data not shown). This result indicates that CAM might exert an anti-influenza virus effect during 4-7th hour after virus infection.
DISCUSSION
CAM administration in vivo augments IL-12 level in the airway, resulting in alleviation of influenza virus infection. 15, 16) In our experiments, pretreatment of cells with CAM had little effect on the influenza infectivity of MDCK cells and A549 cells (data not shown). On the other hand, posttreatment with CAM at a final concentration of 25 mg/ml had a strong inhibitory effect on plaque reduction of the tested human influenza A viruses. This observation was in agreement with the results under a multiple infection assay and a single hit infection assay conditions, indicating that progeny virus production from infected host cells, either MDCK or A549 cells, was significantly decreased at 25 mg/ml CAM. In addition to decrease of progeny virus production, CAM decreased apoptotic cell numbers of infected host cells. A similar observation has been reported for amantadine and thujaplicin copper chelates having anti-influenza activity. 32, 33) These findings suggest that CAM acts directly on virusinfected cells and contributes to the prevention of virus production by inhibiting viral replication in infected host cells.
The influenza-virus replication cycle can be divided into 5 steps: i) binding of viral hemagglutinin to sialic acid receptor on host cell surface (adsorption step), ii) internalization of virus by receptor-mediated endocytosis and fusion of viral HA2 with endosomal membranes triggered by influx of protons through M2 channel (endocytosis and fusion step), iii) release of viral genes into the cytoplasm (uncoating step), iv) packaging of viral proteins with viral genes after viral RNA replication, transcription and translation, and budding of new viruses (packaging and budding step), v) release of new viruses by sialidase cleaving sialic acid receptors (release step). 6, 7) However, CAM had no or little inhibitory effect on hemagglutination, hemolysis activity (membrane fusion) and sialidase activity, These results suggest that decrease of progeny virus production is not due to inhibition of viral hemag- The virus numbers in the supernatants of virus-infected cells were determined in duplicate by the plaque formation assay as described in Materials and Methods. The values are means and standard deviations of the virus numbers in the supernatant of virusinfected cells at the indicated times in the presence or absence of the agents. Significant differences from viral infection without agents are indicated by * pϽ0.05, * * pϽ0.01. glutinin and sialidase activities, which play an important role at the beginning and the end of viral replication, respectively. After CAM was incubated with virus-infected cells at different times, we found that CAM predominantly inhibited viral replication after viral adsorption to host cells at about 4-7th hour. One-step growth in MDCK or A549 cell of influenza A virus with high MOI is completed after 10-12 h of virus inoculation (data not shown). Together, the data suggest that CAM might act on a middle to late stage of viral replication cycle, presumably via blockage of producing viral protein. CAM has previously been found to be an immunomodulator when administered in bacterial-infected animal model 34, 35) but the direct anti-bacterial effect of CAM has been attributed to inhibition of bacterial protein synthesis. 36, 37) In conclusion, this study has demonstrated that CAM inhibits influenza-virus production in vitro. A significant inhibitory effect of CAM on influenza-virus infection in an in vivo animal model study has previously been reported. 16) These findings strongly encourage the potential use of CAM as an anti-influenza virus chemotherapeutic agent.
